developed shallow-marine niches provided the perfect backdrop for abundant growth of primary producing biomass (Fedonkin, 2003; Papineau, 2010; Papineau et al., 2009) . As the most illustrious pioneers in the oxygen-manufacturing business, ancestral cyanobacteria were the only organisms with the capacity to produce free oxygen on the scale needed to set off the initial oxygenation of atmosphere and oceans (Papineau, 2010) . They have a deep evolutionary history (Schirrmeister, Antonelli, & Bagheri, 2011; Schopf, Kudryavtsev, & Sergeev, 2010) , reflected in the fossil record mainly through their involvement, active (see e.g., Arp, Reimer, & Reitner, 2001; Merz, 1992) or as mere substrates (Jones, Renaut, & Konhauser, 2005; Konhauser, Phoenix, Botrell, Asams, & Head, 2001) , in microbialite accretion (Burne & Moore, 1987) .
Laminated microbialites, stromatolites, are formed through complex interplay between micro-organisms and the environment (Burne & Moore, 1987; Dupraz, Fowler, Tobias, & Visscher, 2013; Dupraz & Visscher, 2005; Dupraz, Visscher, Baumgartner, & Reid, 2004; Grotzinger & Knoll, 1999; Reid et al., 2000; Stal, 2000) . Abundant types of microbial metabolisms together influence the geochemistry of microbial mats (Baumgartner et al., 2009 ) and lead to the formation of biological fabrics, which may be preserved in the fossil record as indicators of past microbial responses to changes in light, chemical, or sedimentary regimes (Allwood, Walter, Burch, & Kamber, 2007; Allwood, Walter, Kamber, Marshall, & Burch, 2006; Grotzinger & Knoll, 1999; Sumner, 1997; Walter, 1972) . As the main builders of stromatolites (Grotzinger & Knoll, 1999; Stal, 2000) , microbes, in particular cyanobacteria, influence stromatolite lamination on a micro-level and also exert considerable control on the macro-scale morphology of accreting stromatolites (Dupraz & Visscher, 2005; Grotzinger & Knoll, 1999; Reid et al., 2000; Riding, 2000) . The issue of biogenicity sometimes challenges the interpretation of ancient microbialite-like structures, but still, a most conspicuous task lies in deciphering what the preserved morphological features reveal about the paleoecology of a microbial system (e.g., Shepard & Sumner, 2010; Sumner, 1997) . At best, the synsedimentary preservation of bona fide fossils provides an important clue, but in most cases other features must be relied upon to understand the environmental and metabolic forces at play within a sedimentary microbial system (Allwood et al., 2006 (Allwood et al., , 2007 Grotzinger & Knoll, 1999) .
The aim of this study was to investigate the paleoecology of microbial mats from the Paleoproterozoic Chitrakoot Formation of the Vindhyan Supergroup and the Jhamarkotra Formation of the Aravalli Supergroup (Figure 1 ), representing some of the oldest examples of massive phosphogenesis on Earth. More specifically, we mean to evaluate the morphological biosignatures and types of metabolism that were likely associated with the accretion of apatite-rich stromatolites at these locations.
A most fundamental textural component of ancient microbialites
is micro-to mesoscale laminations, which, depending on continuity, thickness, and inclination, result in a variety of stromatolite shapes and forms, many of which have been thought unique to the Precambrian Earth (e.g., Batchelor, Burne, Henry, & Jackson, 2004; Walter, 1972) . Mechling, & Castenholz, 1994; Hoiczyk, 2000) . This phenomenon leads to the formation of specific textural components in ancient mats, many of which are distinctly biological. Examples of this are the formation and preservation in the rock record of reticulated fabrics or tufted microbial mats (Shepard & Sumner, 2010; Sumner, 1997; Walter, Bauld, & Brock, 1976) . Opinions differ as to what information can be obtained from these kinds of microbial fabrics; Walter et al. (1976) argued that tufted microbial mats, a result of the initial random gliding of filamentous cyanobacteria, also reflect the organisms' responses to incoming light and thus can be used as a proxy for cyanobacterial phototaxis in the fossil record. This opinion was recently challenged by Shepard and Sumner (2010) who, during laboratory experiments with motile cyanobacterial Pseudanabaena strains, showed that while cyanobacterial communities indeed form tufted mats, pillars, and reticulate structures, the morphological expressions of these fabrics are the results of undirected, nonphototactic, gliding and as such do not attest to the phototrophy of a mat system. On the other hand, the formation of tufts and reticulated mats, while not solid evidence of phototrophy in the rock record, does reflect the presence of motile, filamentous communities and as such provides evidence for biogenicity (Sumner, 1997) .
Perhaps a more convincing structural proxy of photoautotrophic metabolism is the preservation of oxygen bubbles produced by cyanobacteria in zones of active photosynthesis, sometimes later preserved as spherical or nearly spherical porosities within laminated microbialites (e.g., Bosak, Liang, Sim, & Petroff, 2009; Bosak et al., 2010; Guido & Campbell, 2014; Mata et al., 2012) . These structures can be seen forming in active microbial mats and precipitates from hydrothermal pools and other modern settings where microbial mats abound (e.g., Arp, Hofman, & Reitner, 1998; Bosak et al., 2009 Bosak et al., , 2010 Guido & Campbell, 2014; Jones et al., 2005; Love, Simmons, Parker, Wharton, & Seaburg, 1983) . Primary porosity in the form of metabolically produced oxygen bubbles has also been reported from several fossil microbialites, most notably from conical stromatolites similar to the Precambrian form Conophyton (Bosak et al., 2009 (Bosak et al., , 2010 but also from oncoid-like microbialites constructed by oxygenic phototrophs (Wilmeth et al., 2015) .
While siliceous and carbonate microbialites are rather evenly dispersed in the rock record (Grotzinger & Knoll, 1999) , the distribution of phosphatic stromatolites is somewhat more lopsided (Papineau, 2010) , with major deposition episodes at the beginning and end of the Proterozoic Eon (Papineau, 2010; Papineau et al., 2009 ). Tubular fabrics resembling filamentous mineralized sheaths can be important constituents of the overall fabric in phosphorites (Alvaro & Clausen, 2010; Krajewski, 2011) suggesting that filamentous micro-organisms play an important role in the accumulation of phosphate (Sergeev, Gerasimenko, & Zavarzin, 2002) . However, the metabolic affiliation of these apatite-encrusted fabrics is uncertain.
Our study emphasizes the importance of oxygenic photosynthesizing micro-organisms and their extracellular polymeric substances (EPS) in the concentration of phosphate and subsequent accretion of Paleoproterozoic phosphatic stromatolites from India. This phenomenon was primarily manifested by the preservation of tufted microbial mats and mineralized bubble-like structures within fine-grained apatite laminae in both columnar and oncoid cone-shaped stromatolites from the Vindhyan and Aravalli Supergroups. The presence in Vindhyan stromatolites of complex algae of probable rhodophyte affinity (Bengtson, Sallstedt, Belivanova, & Whitehouse, 2017) further supports the idea of lavish blooms of phosphate-concentrating phototrophic biotas inhabiting shallow niches in the Vindhyan marine realm.
| MATERIALS AND METHODS

| The Vindhyan Supergroup
The Vindhyan Supergroup (Figure 1 ) in central India represents one of many intracontinental basins that developed worldwide in the Proterozoic Eon (Chakraborty, 2006) . Sediment was deposited within basins in shallow epeiric seas, a type of setting that became widespread after 2.5 Ga (Chakraborty, 2006; Harries, 2009; Mata et al., 2012) . The Vindhyan Supergroup is composed of slightly deformed, but on the whole unmetamorphosed, sedimentary siliciclastic rocks, shale, and limestone of presumed marine origin (Bose, Sarkar, Chakrabarty, & Banerjee, 2001) . It is traditionally divided into the Lower and Upper Vindhyan sequences and exhibits a total thickness of approximately 4,500 m (Bose et al., 2001) . Vindhyan exposures are divided into three major sectors: The Son Valley, Bundelkhand, and Rajasthan sectors, each separated by unconformities (Chakraborty, 2006) . The Son Valley sector has an ENE-WSW strike and is approximately 3000 m thick (Chakraborty, 2006) . The 
| The Aravalli Supergroup
The Paleoproterozoic Aravalli Supergroup (Figure 1 ) is well exposed close to the city of Udaipur in Rajasthan, northwest India. The rocks have been subjected to a low-grade metamorphism, in the range of lower greenschist (Chauhan, 1979) , and consist of sedimentary rocks unconformably overlying an Archaean basement of gneiss known as the Banded Gneiss Complex, BGC (Roy & Paliwal, 1981 (Papineau, 2010) . The Lower Aravalli constitutes a marine transgressional sequence and was deposited in an active rift basin (e.g., Roy & Paliwal, 1981) . Phosphatic rocks of the Aravalli constitute an economically important source of phosphate, and they are quarried in one of the world's largest open-pit phosphate mines, the Jhamarkotra phosphate mine. The age of the Lower Aravalli has traditionally been reported as early Paleoproterozoic with Pb-Pb isochrone ages around 2-2.5 Ga (Chauhan, 1979; Papineau, 2010; Schleicher, Todt, Viladkar, & Schmidt, 1997) . However, geochronological and stratigraphic dating in a recent study by McKenzie et al. (2013) suggests a later deposition of the Aravalli Jhamarkotra formation around 1.7 Ga, closer to that of the Lower Vindhyan phosphorites, stressing the importance of further geochronological investigation into this region (e.g., McKenzie et al., 2013; Melezhik, Purohit, & Papineau, 2014) . A total of 18 samples were sampled along a transect from the Jhamarkotra mine in January 2011. These were mainly phosphatic stromatolites in carbonate matrix.
| Acid maceration
A 10% acetic acid solution was used according to the standard protocol for carbonate dissolution (e.g., Jeppsson, Fredholm, & Mattiasson, 1985) in order to free phosphatic microbial fossils from the surrounding carbonate matrix. After maceration of phosphatic stromatolites in buffered acetic acid-filled trays, the remaining phosphatic debris was separated into four size fractions (>1 mm; 1-0.25 mm; 0.25-0.063 mm, and <0.063 mm), washed in tap water, and dried overnight at 60°C. A Nikon SMZ-1000 Stereomicroscope was used to handpick fossils primarily from the 1-to 0.25-mm fraction for further microscopic analysis.
| Stable isotope spectroscopy
A Thermo Delta V Advantage mass spectrometer was used to measure the isotopic composition of organic carbon (δ 
| Raman spectroscopy
Phosphatic thin sections and hand specimens from the Vindhyan Supergroup were analyzed using a confocal laser Raman spectrometer (Horiba instrument LabRAM HR 800), equipped with a multichannel Peltier-cooled (−70°C) 1024 × 256 pixel CCD (charge-coupled device) array detector. A 514-nm excitation Argon laser (Melles Griot 543) with a rather low laser power of 1 mW at the sample surface was used to avoid heat-induced damage of the specimens, and all spectra on carbonaceous matter were recorded subsurface below the enclosing transparent phase to avoid any effects that may have been produced during sample preparation. The laser beam was focused through a 100× objective to obtain a spot size with a diameter of about 1 μm using an Olympus BX41 microscope, and the 800 mm focal length spectrograph of the LabRAM HR gives a spectral resolution of about 0.4 per cm/pixel. Acquisitions were collected using a grating of 1800 lines/mm and a slit of 300 μm. Repeated use of a silicon wafer calibration standard with a characteristic Raman line at 520.7 per cm was used to control the accuracy of the spectral features. Each spectrum was acquired for 5 × 10 s in multiwindow mode over a range of 100-4,000 per cm. The instrument was controlled, and Raman data were processed with the software labspec version 5.78.24. All the presented spectra were baseline subtracted with polynomial fit, and the peak parameters were fitted using GaussianLorentzian functions.
| Synchrotron X-ray Tomographic Microscopy
Microbial fossils and fabrics, mainly recovered from acid residue, were analyzed with Synchrotron X-ray Tomographic Microscopy (SrXTM) using the TOMCAT beamline (tomographic microscopy and coher- 
| Optical microscopy
Samples, in the form of untreated slabs, of Jankikund and Jhamarkotra phosphatic stromatolites were cut into pieces of approximately 3.5 × 2.5 cm and sent to Vancouver Petrographics, Canada, for the production of uncovered petrographic thin (30 μm) and thick (150 and 200 μm) sections. The sections were cut both vertically and horizontally through phosphatic laminated mats. They were examined using a Nikon SMZ-1000 stereomicroscope, a Leica DMLP, and an Olympus BX51 polarizing microscope equipped with an Olympus DP71 detachable camera. The software cellsens dimension was used for imaging.
| Environmental scanning electron microscopy (ESEM)
Petrographic thin sections of laminated stromatolitic phosphate and phosphatic microfossils handpicked from acid residues were mounted on brass pegs or aluminum stubs and examined using a low-vacuum 
| RESULTS
| Aravalli stromatolites
The Jhamarkotra formation contains abundant stromatolites ranging from discrete columnar to branching variants together with small, steeply convex domical cone-shaped stromatolites (Figure 2a -c).
Many of these morphologies have been previously described by Banerjee (1971) and Chauhan (1979) . Figure S1 ). Previous studies of the mineralogy of the Jhamarkotra stromatolites by Papineau et al. (2016) show the primary apatite phase to be carbonate fluorapatite (francolite), consistent with the EDS data.
| Microfabric characteristics of the Jhamarkotra stromatolites
The stromatolites vary slightly with respect to form and lamina-inclination.
Some examples are columnar with moderately convex domical laminae, but most specimens have steeply convex laminae that significantly thicken toward the middle (e.g., Figure 3b in considerably thickened stromatolite crests and a cone-like appearance. 
| Primary intralaminar porosity in Jhamarkotra stromatolites
| Vindhyan stromatolites
Samples collected from the Lower Vindhyan Tirohan Dolomite at Jankikund consist of non-branching, columnar stromatolites, usually approximately 10 cm wide, with a height of 15-30 cm (Figure 6a ).
The columns are generally surrounded by a fine-grained matrix of dolomite where angular to slightly rounded microbial phosphate clasts have been redeposited (Figure 6a,b) . The majority of the intercolumnar clasts are governed by the shape of their constituent microbial fabrics and appear somewhat contorted; they were thus probably not strongly lithified at breakup from the main microbial mat (Bengtson et al., 2009) .
Microcrystalline dolomite constitutes a major phase of the largest stromatolites, but fossil-rich phosphate is present as laminations or as laminated rims surrounding the columns (Figure 6c,d ). Smaller centimeter-sized stromatolites in the form of phosphatic columns or domes can also be found at Jankikund, and were collected for this study. Phosphate is present in the form of calcium phosphate with carbon, silica, and sometimes iron as minor constituents (see Figure S2 ).
Stable isotope analysis of organic carbon associated with the Vindhyan microbial mats shows an average δ 13 C org value of −30.43 ‰ (std 2.69) (Table S1 ). 
| Microfabric characteristics
The Jankikund stromatolites are characterized by laminated microbial mat sequences represented by convex laminae, approximately 100-500 μm thick, with a gentle upward incline. They contain alternating dark and light apatite layers ( naceous matter is present in both light and dark apatite phases, albeit in more abundance in the darker ones, it is absent within dolomite laminae (Figure 7b ), suggesting that the dolomite represents a later diagenetic phase, presumably replacing a primary calcite phase. This is also consistent with the apparent lack of fossils within dolomite parts as opposed to the apatite bands, where a fossil microbial mat biota forms the basis of laminae and functions as a framework for the Jankikund stromatolites (Figures 8 and 9 ).
While the fossils may be present in both light and dark apatite mat layers, they are mostly confined to the dark laminae where they are abundant (Figure 6f ).
| Microfossils
The Vindhyan fossil biota has been characterized by Sallstedt, Bengtson, Broman, Crill, and Canfield (2017 [ varying in width between 2 and 5 μm (Figure 9a,b) . These organisms form slightly wavy laminae comprised of thousands of specimens and are one of the most abundant types of fossils within the mats. Matdwelling elements are mainly represented by lightly curved or coiled 6-to 10-μm-wide filaments occurring as single specimens or in smaller groups within dark apatite laminae (Figures 6f and 9c) . They are either preserved as molds in apatite or fully or partly infilled by apatite and vary from dark brown-orange to black when seen in transmitted light. Often a faded rim of encrusting apatite surrounds the filaments (Figure 9c, arrows) . Macroscopic thalli found in situ within phosphatic mats in the Jankikund stromatolites show a remarkable cellular organization and have been described in detail as probable red algae by Bengtson et al. (2017) . They have even cell walls and display characters suggestive of a thalloid morphotype (Figure 9d ,e). This includes a pseudoparenchymatous organization of cells leading to outward splaying "cellfountain" structures ( Figure 9e ) similar to those of phosphatized algal thalli described by Zhang, Yin, Xiao, and Knoll (1998) , among others, from the Ediacaran phosphatic Doushantuo Formation, China.
| Primary intralaminar porosity
The stromatolitic apatite laminae are characterized by abundant globular objects of different sizes (Figures 6e, h, 8d , and 10). These objects can be found in tightly compressed groups, resembling a somewhat distorted foamy fabric (Figure 10a ) or in groups that have mostly retained their individual spheroidal morphologies (Figure 10b-f) . The globules can be empty, partly infilled with apatite, or infilled with secondary dolomite.
They are concentrated in the dark biofilm bands (e.g., Figure 10f ,g), and the size of the globules ranges from approximately 50 μm to approximately 1 mm. The outer surface is usually smooth, but some specimens have a thin encrusting granular layer (Figure 10c ). This layer does not penetrate into the contact zone between adjacent globules (Figure 10d ), indicating that it formed from the outside during diagenesis. Void-filling apatite often forms a 5-to 30-μm-thick rim over the internal wall of the globules (Figure 10g-i) . The remaining interior of the globules is either empty or filled with secondary calcite or dolomite, occasionally with irregular material (Figure 10i ). The apatite matrix surrounding the globules is often smooth, but sometimes filament or thread-like fabrics enclose the globules (Figures 8d and 10c ) in a way resembling the Aravalli
globules (e.g., Figures 4a-c and 5). Tufted filamentous fabrics in the
Vindhyan mats were sometimes found in association with larger irregular fenestrae infilled with diagenetic dolomite (Figure 11a-c The presence of fossil-rich, kerogenous dark apatite laminae alternating with light, fossil-poor apatite layers shows that dispersed mat carbon was integrated within the Jankikund apatite stromatolite matrix in a cyclic fashion (e.g., Figure 6e ,f). The lighter laminae mostly consist of diagenetically encrusting void-filling apatite, or fibrous apatite rims enclosing organic material (Krajewski, 1984; Sallstedt et al. [ While the Aravalli stromatolites have been subjected to lowgrade metamorphism, comparable to lower greenschist facies, many of the smaller stromatolites examined in this study show remarkably well-preserved filamentous microbial fabrics consistent with laminae formation by filamentous micro-organisms (e.g., Figures 3 and 4) .
Filament bundles assigned to algae, or possibly cyanobacteria, have previously been reported from the Jhamarkotra stromatolites by Chauhan (1979) , and these are analogous to the filamentous fabrics and tufts reported here from the Jhamarkotra oncoid conical stromatolites (see e.g., Figure 11d ). While the influence of slight metamorphism affected the overall directionality of many columnar stromatolites of the Jhamarkotra area, resulting in tilting of the columns in the direction of shear (Chauhan, 1979) , the type of microfabrics found in smaller columns appears in many cases to have retained primary textural features (e.g., Figure 4a ,b). The internal lamination and structure of Jhamarkotra stromatolite columns are testimonies of conical growth:
Firstly, the Aravalli laminae are steeply convex, although slightly less so than some ancient Conophyton stromatolites (e.g., Kah, Bartley, & Stagner, 2009 ). The filamentous mat fabrics have orientations parallel to lamination, a feature that is also described from modern conical microbialites (Walter, 1972; Walter et al., 1976) . This filament orientation results in areas where the filamentous fabric seems to have an almost vertical direction along the sides of the columns (Figure 4b,c) , which is the result of parallel alignment across a steeply inclined lamina rather than the result of actual vertical growth. At the apex, however, laminae often end with a tuft of vertical filaments (Figure 3b,c) , as has also been reported from cone-forming microbialites from both modern (Walter et al., 1976) and ancient (Ruiji & Leiming, 2011) locations.
The tendency for filamentous fabrics to form tufted bundles in the axial parts results in considerable thickening of laminations toward the middle of the structures (Komar, Raaben, & Semikhatov, 1965; Walter et al., 1976) . Not only do the crestal part of the Aravalli columns show a frequent tuft-like habit, they have a degree of porosity and disordered laminae that is somewhat similar to disordered crestal features from Archaean conical microbialites (e.g., Figure 3b Our identification of tufted microbial fabrics, and especially of cone-like growth, in the phosphatic Aravalli stromatolites is significant from a biological as well as ecological perspective: Even though tufted mats, pinnacles and cones have been described from different types of environments on the modern Earth, such as hydrothermal (Walter, 1972; Walter et al., 1976) and lacustrine settings from Yellowstone National Park, Montana and Andros Island, Florida, the United States, as well as freshwater lakes in Antarctica (Andersen, Sumner, Hawes, Webster-Brown, & McKay, 2011; Hawes, Sumner, Andersen, & Mackey, 2011; Monty & Hardie, 1976) , a common factor is that all of these microbial fabrics were built by phototrophic motile filamentous bacteria of cyanobacterial nature, most commonly varying species of Phormidium, Lyngbya, or Scytonema (e.g., Flannery & Walter, 2012; Monty & Hardie, 1976; Walter, 1972; Walter et al., 1976) . The accretion of conical stromatolites has been extensively studied, and it is generally believed that motile filamentous micro-organisms, presumably cyanobacteria, have been essential for cone formation (Bosak et al., 2009 (Bosak et al., , 2010 Buick, 1992; Flannery & Walter, 2012; Walter, 1972; Walter et al., 1976) . Walter et al. (1976) suggested the morphogenesis of cones to result from cyanobacterial motility, entanglement, and subsequent deflection of filaments on top of entangled clumps, presumably as a result of positive phototaxis (Flannery & Walter, 2012; Walter, 1972; Walter et al., 1976) . However, laboratory studies conducted with mat-forming bacteria isolated from both hot spring and lacustrine environments have shed light on the various mechanisms related to the constructions of filamentous tufts, pillars, cones, or clumps which are associated with the formation of cone-like microbialites (Shepard & Sumner, 2010; Sim et al., 2012) . These studies rather suggest that the deflective movement of filaments over entangled specimens or obstacles within a mat does not occur as a result of changing light intensities but rather happens irrespectively of irradiance. Instead, limitations of chemical species such as O 2 or CO 2 could potentially result in filaments deflecting upwards and ultimately ending up constructing microbial tufts, pillars, and, in the end, cones (Shepard et al., 2008; Sim et al., 2012) . The formation of these types of morphologies would then rather reflect organismal responses to DIC, in the ambient environment, or possibly aerotaxis.
| Gas bubbles indicate photosynthetic activity
Modern microbial mats are known to trap photosynthetically produced oxygen bubbles in zones of intense photosynthesis. The metabolism of phototrophic cyanobacteria can thus create a primary porosity within microbial mats (Bosak et al., 2009 (Bosak et al., , 2010 , which can even, at times, lead to ripping and detachment of the mat fabrics (Mata et al., 2012) . Microbial mats represent small ecosystems in which primary production is nearly balanced by organic matter respiration by heterotrophic bacteria in lower layers, and so bubbles can also be formed by reducing gases such as CH 4 , or possibly H 2 (Gerdes, Klenke, & Noffke, 2000) . However, in relatively undecayed laminae, and without other signals like highly 13 C-depleted organic carbon indicating the presence of extensive methanotrophy within the mat, bubbles can be used as a signature for oxygen production (Bosak et al., 2009 (Bosak et al., , 2010 . The preservation of submillimeter-to millimeter-sized gas bubbles of photosynthetic origin has been described from ancient cone-shaped microbialites by Bosak et al. (2009) . Both the Vindhyan and the Aravalli phosphatic stromatolites contain abundant well-preserved spherical to nearly spherical objects, empty or infilled with secondary dolomite, or, sometimes, silica-rich phases (Figures 4, 5 , 6e,h, 8d and 10). In the Vindhyan, these structures are clustered within dark, organicrich mat laminae. While only sporadically (e.g., Figures 8d and 10c) , enmeshed by filamentous fabrics, these objects likely represent bubbles resulting from oxygenic photosynthesis within a viscous organic biofilm matrix. Their size as well as their nearly spherical shape is consistent with the structures described by Bosak et al. 
| Carbon isotopes and rhodophyte-like fossils highlight the significance of oxygen production in Vindhyan stromatolites
The simple morphologies of filamentous and coccoid cyanobacteria make them difficult targets for taxonomical identification in the rock record, which is why the presence of complex eukaryotic fossils of probable red algal nature (e.g., Bengtson et al., 2017) embedded within the cyanobacteria-like filaments in the Vindhyan mats is significant. Because of their prominent multicellular and algae-like morphology, these fossils may be important in constraining the type of setting in which the Vindhyan stromatolites were deposited, and their presence in the mats highlight the oxygen-producing nature of the Vindhyan biota. Together with the tufted microbial fabrics produced by putative cyanobacterial fossils and the preservation of bubble-like objects in pristine mat laminae, these evidences together point toward a shallow setting where primary production was dominated by cyanobacterial and algal photosynthesis.
A bulk average δ 13 C org value of −30.43 ‰ of organic carbon within in the Vindhyan stromatolites (see Table S1 ) provides further support of Calvin cycle carbon fixation and the activity of oxygenic phototrophs (i.e., Johnston & Fischer, 2012; Schidlowski, Hayes, & Kaplan, 1983) . As the Vindhyan isotopic values represent bulk carbon within the mats and have not been measured in situ on individual fossils, this value should be considered together with the other morphological factors suggesting an oxygen-producing setting. However, while we cannot exclude the possibility of a mixed carbon isotopic signal, the activity of, for example, methanogenic bacteria would have resulted in significantly lower carbon isotope fractionations of up to −40 to −60 ‰ (Fischer et al., 2009; Hayes, 1994) , suggesting a heavy influence of Calvin cycle metabolism on carbonaceous matter in the Vindhyan stromatolites.
| Phosphogenesis associated with microbial communities
Many studies from modern and fossil phosphogenic environments report similar associations between abundant microbial fabrics, fossils, and phosphate deposition (Bailey, Joye, Kalanetra, Flood, & Corsetti, 2007; Bailey et al., 2013; Crosby, Bailey, & Sharma, 2014; Lepland et al., 2014; Schulz & Schulz, 2005; She et al., 2013; Soudry, 1987; Soudry & Champetier, 1983) . For example, several studies have focused on the presence and potential activity of sulfur-oxidizing bacteria (Bailey et al., 2013; Goldhammer, Brüchert, Ferdelman, & Zabel, 2010; Schulz & Schulz, 2005) in the formation of sedimentary phosphorites (Bailey et al., 2007; Lepland et al., 2014) . Possible ironoxidizing bacteria have also been described from Jhamarkotra phosphorites (e.g., Crosby et al., 2014) , indicating steep redox gradients within the Aravalli microbial mounds (Crosby et al., 2014; Papineau, Purohit, Fogel, & Shields, 2013) . The ability of sulfur and iron-oxidizing bacteria to store intracellular polyphosphate, polyP, represents a plausible mechanism for concentrating phosphate within the oxic zone (Bailey et al., 2013; Crosby et al., 2014; Goldhammer et al., 2010; Schulz & Schulz, 2005) . Chemolithotrophic bacteria harness the energy from hydrolysis of intracellularly stored polyP, and in conditions of high sulfide, or in oxygen-depleted waters, polyP may be released as orthophosphate and lead to supersaturation of apatite (Brock & Schulz-Vogt, 2011; Goldhammer et al., 2010; Schulz & Schulz, 2005) . 
| Potential influence of phototrophs on apatite precipitation
An important phosphate sink in marine non-upwelling zones is the precipitation and subsequent accumulation of authigenic apatite in sediments (Diaz et al., 2008; Ruttenberg & Berner, 1993) . As opposed to the specific environments commonly inhabited by sulfur-oxidizing bacteria, the Paleoproterozoic phosphatic stromatolites described herein seem to have been formed along a well-lit, relatively shallowwater carbonate platform, as indicated by the mineralogy, tufted cyanobacteria-like filaments, and conspicuous multicellular red algae (e.g., Bengtson et al., 2017) . Laboratory studies (e.g., Diaz et al., 2008; Mukherjee, Chowdhury, & Ray, 2015) show that modern oxygenic phototrophic microbial communities, for example cyanobacteria of mats, a feature that might be important for apatite precipitation, as it would help to establish steep local redox gradients, affecting the release of bioavailable phosphate within the mats. Diurnal fluctuating oxygen levels caused by cyanobacterial photosynthesis may also be significant for iron pumping, by which phosphate bound to iron oxyhydroxides can be released in periods and/or areas of low oxygen levels (Föllmi, 1996) .
Furthermore, cyanobacteria and their EPS are generally well known to play a significant role in precipitation of many types of microbial mineral fabrics, especially that of CaCO 3 (e.g., Arp et al., 2001; Dupraz & Visscher, 2005; Merz, 1992) . Cyanobacterial photosynthesis leads to a significant rise in ambient alkalinity following the uptake of HCO 3 − and subsequent release of CO 3 2− by cyanobacterial trichomes, which, in turn, increase carbonate supersaturation (Arp et al., 2001) . In a situation where abundant DIC acts as a pH buffer for the system, the activity of oxygenic photosynthesis may, in places where acidic functional groups within the EPS correspond to the geometry of calcite crystal nucleation, lead to calcite precipitation within the EPS biofilm matrix. Reversely, in Ca
2+
-rich hard water settings, which are more prone to changes in pH, mineral precipitation can occur within or external to cyanobacterial sheaths, creating microbial tubular carbonate fabrics similar to those of Girvanella-like microfossils (Arp et al., 2001; Merz, 1992) . This has been observed in modern environments, and microbially (especially cyanobacterially) induced or influenced mineralization was a significant process leading to the accretion of ancient microbialites (e.g., Dupraz et al., 2004; Grotzinger & Knoll, 1999; Riding, 2000) .
While apatite is a more complex mineral than calcite in terms of elemental composition, the two share many properties, for example Ca 2+ as a main cation (Gulbrandsen, 1969) . Thus, calcite and apatite are often found in close association in natural systems. In the Vindhyan and Aravalli stromatolites, this is illustrated by the alternating precipitation of calcite and apatite within some stromatolites, suggesting the presence in these systems of closely related pH-and saturationcontrolled precipitation switches (Figure 6h ; Briggs & Wilby, 1996) .
Normally, however, the ratio in the marine environment of phosphate to carbonate ions is extremely low, which leads to the preferential precipitation of calcite in favor of apatite (Gulbrandsen, 1969) . Thus, for apatite to precipitate, an extensive external source of phosphate is needed (see review by Papineau, 2010) along with a mechanism to concentrate P locally in order to increase apatite supersaturation, for example within a microbial mat. In the case of phosphogenesis within the Vindhyan and Aravalli stromatolites, we suggest a scenario where early diagenetic apatite precipitates as a consequence of oxygenic cyanobacterial and algal concentration of phosphate from a significant outside phosphate source, for example related to pulses of increased continental weathering (e.g., Papineau, 2010) . It is possible that rifting within a tectonically active intracontinental basin could lead to local upwelling of nutrient-rich water within an otherwise shallow carbonate plateau, thus providing a significant source of phosphate to the system (cf Figure 6d ). This in turn would result in increased primary productivity and promote local precipitation of apatite within the shallow-water cyanobacterial and algal mats.
In this type of setting, we envision that photosynthesizing stromatolite communities provide a local control on fluctuating O 2 regimes, leading to the formation of steep redox gradients within microbial mat pore spaces. This might effectively induce the release of microbially stored polyP in anoxic parts of the mats, thus promoting the formation of apatite-rich stromatolites in the shallow-water Proterozoic Indian basins.
| CONCLUSIONS
The identification of phototaxy in the rock record as a mean to constrain cyanobacterial evolution is ultimately difficult. This study suggests that oxygenic phototrophic biotas may have played a larger role in the construction of ancient shallow-water phosphorites than previously recognized.
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